Introduction
Catecholamines occur in various biological materials in extremely small amounts and play physiologically important roles. In order to evaluate physiological investigations, a highly selective and sensitive method for the determination of catecholamines is required.
Various methods have been widely used for the determination of the amines by high-performance liquid chromatography (HPLC) with electrochemical 1,2 and fluorescence detections. [2] [3] [4] [5] On the other hand, chemiluminescence (CL) detection methods, such as peroxyoxalate (PO) and luminol reaction CL systems, have also been used in HPLC analysis owing to their high sensitivity. Recently, a highly sensitive HPLC method with PO-CL detection has been reported to measure amines, and is widely used for bio-analytical investigations. 6, 7 However, no luminol CL method has been developed for the determination of the amines.
We previously reported on a highly sensitive luminol-type CL derivatization reagent of 5-hydroxyindoles, 6aminomethylphthalhydrazide (6-AMP), and applied the reagent to the HPLC method for the determination of 5hydroxyindoles. 8, 9 The method is based on the derivatization reaction of 5-hydroxyindoles with 6-AMP in the presence of potassium hexacyanoferrate(III) to give highly CL derivatives. Recently, we found that 6-AMP reacts with catecholamines under different conditions from those for 5-hydroxyindoles to give the corresponding derivatives, which produce CL by a reaction with hydrogen peroxide in the presence of potassium hexacyanoferrate(III) in an alkaline solution ( Fig. 1 ). In the present study, the optimum derivatization reaction, CL reaction and HPLC conditions were examined for the determination of catecholamines. Hence, we have developed a highly sensitive and selective HPLC-CL method for the determination of epinephrine and isoprenaline. Furthermore, the structures of the CL products, the 6-AMP derivatives of catecholamines, were examined using electrospray ionization (ESI) mass spectrometry (MS) coupled with HPLC.
Experimental

Chemicals and solutions
All of chemicals and solvents were of analytical-reagent grade, unless otherwise stated. Distilled water, purified with a Milli-QII system (Japan Millipore, Tokyo, Japan), was used for all aqueous solutions. Hydrogen peroxide (31%, w/v) was purchased from Mitsubishi Gas Kagaku (Tokyo, Japan). Norepinephrine hydrogentartrate and dopamine hydrochloride were obtained from Wako Pure Chemical Co. (Osaka, Japan). Isoprenaline hydrochloride was purchased from Nacalai Tesque (Kyoto, Japan), and epinephrine hydrogentartrate, 3,4dihydroxyphenylalanine and 3,4-dihydroxyphenylacetic acid from Sigma (St. Louis, MO, USA). 6-AMP was prepared as described previously. 8 Stock solutions (1.0 × 10 -2 M) of catecholamines were prepared in 0.1 M hydrochloric acid and kept frozen at -20˚C in amber-colored test-tubes. A 6-AMP solution (2.0 mM) was prepared in dimethylsulfoxide, and was used within one week. A potassium hexacyanoferrate(III) (20 mM) solution for the derivatization reaction was prepared in water. Hydrogen peroxide (10 mM) and potassium hexacyanoferrate(III) (5.0 mM) solutions for the CL reaction were prepared in water and 1.0 M sodium hydroxide, respectively.
Derivatization procedure
To a 100-µl portion of a test solution of catecholamines placed in a test tube (100 × 15 mm i.d.) were added 100 µl each of a 2.0 mM 6-AMP solution, a 0.1 M Bicine buffer (pH 8.5) and a 20 mM potassium hexacyanoferrate(III) solution, successively. The mixture was allowed to stand at 50˚C for 40 min. A 20-µl portion of the final reaction mixture was injected into the chromatograph. For the reagent blank, 100 µl of water in place of a test solution was subjected to the same procedure.
HPLC-CL system
The HPLC-CL system is shown in Fig. 2 . Chromatography was performed with a Hitachi (Tokyo, Japan) L-6200 liquid chromatograph equipped with a Rheodyne 7125 syringe-loading sample injector valve (Cotati, CA, USA; 20-µl loop). The 6-AMP derivatives of catecholamines were separated on a reversed-phase column, Cosmosil 5C18-MS (250 × 4.6 mm i.d.; particle size 5 µm, Nacalai Tesque), by isocratic elution using a mixture (mobile phase I) of methanol and 10 mM phosphate buffer (pH 6.0) (4:1, v/v). The mobile phase was delivered at a flow-rate of 0.8 ml/min. The column temperature was ambient (23 ± 2˚C).
The eluate from the HPLC column was mixed with 10 mM hydrogen peroxide solution by the first T-type mixing device and then with a 5.0 mM potassium hexacyanoferrate(III) in 1.0 M sodium hydroxide solution by the second T-type mixing device delivered by two Hitachi L-6000 pumps at flow-rates of 0.7 and 1.5 ml/min, respectively. The generated CL was monitored by an 825-CL intelligent CL detector (Jasco, Tokyo, Japan) equipped with an 90-µl flow cell. Stainless-steel tubing (0.5 mm i.d.) was used for the HPLC-CL system.
HPLC-MS system
The general conditions were the same as those described above, except for the mobile phase and the detector. As the mobile phase for HPLC-MS analysis, a mixture of methanol and 0.1 M ammonium acetate (pH 6.0) (4:1, v/v) was used in place of mobile phase I. The effluent from the HPLC column was directly introduced to the HPLC-MS interface without adding any oxidizing reagent solutions.
A Finnigan (San Jose, CA, USA) LCQ, ion trap mass spectrometer equipped with an ESI interface was used. The ion source voltage and temperature of the heated capillary were set at +4.5 kV and 250˚C, respectively. Nitrogen gas was used as both the sheath gas (80 psi) and an auxiliary gas (20 psi).
Results and Discussion
Epinephrine, dopamine and isoprenaline were used as model compounds to establish HPLC, derivatization and CL reaction conditions suitable for a more general method. Figure 3 shows a typical chromatogram obtained with a mixture of the three catecholamines. A good separation of the 6-AMP derivatives was achieved on a reversed-phase column (Cosmosil 5C18-MS) by isocratic elution with mobile phase I. The individual compounds each gave a single peak; the retention times for epinephrine, dopamine and isoprenaline were 8.3, 11.5 and 21.0 min, respectively.
HPLC and derivatization conditions
Water-soluble organic solvents such as dimethylsulfoxide, methanol, ethanol, acetone, acetonitrile and N,Ndimethylformamide in the reaction medium accelerated the derivatization of catecholamines with 6-AMP. Dimethylsulfoxide gave the maximum peak heights for all of the catecholamines tested. The other solvents gave less-intense peaks (about 35 -80% of those obtained in dimethylsulfoxide). Dimethylsulfoxide as a solvent allowed the most intense peaks at concentrations of between 20 and 30% (v/v) in the reaction mixture; 25% dimethylsulfoxide was tentatively selected. Dimethylsulfoxide was therefore used to prepare 6-AMP. The derivatization reaction proceeded in the presence of potassium hexacyanoferrate(III). The potassium hexacyanoferrate(III) gave the most intense peaks at a concentration greater than 15
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ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 mM in the solution for all of the catecholamines tested; 20 mM was used as a sufficient concentration. The effect of the pH of the reaction mixture on the derivatization was examined by using a 40 mM Britton-Robinson buffer solution at various pH values (Fig. 4A ). The highest peaks were obtained at pH 8.5 for epinephrine and isoprenaline and at pH 7.0 for dopamine; pH 8.5 was employed for the sensitive determination of epinephrine and isoprenaline. Bicine and borate buffer (0.1 M each) solutions afforded peak heights about 3 and 2 times, respectively, larger than 40 mM Britton-Robinson buffer; Bicine buffer (0.1 M, pH 8.5) was selected in the procedure. 6-AMP gave the most intense peak at 2.0 mM in the solution for all catecholamines tested; 2.0 mM was adopted for the recommended procedure.
The derivatization reaction of 6-AMP with catecholamines occurred at a temperature above 30˚C; higher temperatures (40 -70˚C) allowed the reaction to proceed more rapidly. The peak heights reached maximum and constant values after standing at 50˚C for longer than 30 min for epinephrine and isoprenaline, and longer than 10 min for dopamine ( Fig. 4B) . Therefore, standing at 50˚C for 40 min was selected in the recommended procedure. The 6-AMP derivatives in the final solution were stable, and gave constant peak heights for at least 24 h in daylight at room temperature.
CL reaction
The optimum conditions for the CL reaction were examined by setting the flow-rates of the hydrogen peroxide and potassium hexacyanoferrate(III) solutions to 0.7 and 1.5 ml/min, respectively.
The CL intensities were affected by the concentrations of hydrogen peroxide, potassium hexacyanoferrate(III) and sodium hydroxide. The effects of the concentrations of the reagents on the CL reaction were examined (Fig. 5 ). Based on these experiments, concentrations of 10 mM hydrogen peroxide, 5.0 mM potassium hexacyanoferrate(III) and 1.0 M sodium hydroxide were selected for the sensitive determination of epinephrine and isoprenaline.
The CL reaction occurred immediately after the eluate from the column was mixed with potassium hexacyanoferrate(III) in the second mixing device. Therefore, the length of tubing between the second mixing device and the detector affected the CL response. The peak heights for all catecholamines increased with decreasing the length of the tubing; 5 cm was used as the shortest usable length.
Calibration graph, precision and detection limits
The relationships between the peak heights and the amounts of the individual catecholamines were linear up to at least 2 nmol per 20-µl injection volume; the linear correlation coefficients were 0.996 or better for the three catecholamines.
The precision was established by repeated determinations (n = 9) using mixtures of the three catecholamines at different concentrations. The relative standard deviations for epinephrine and isoprenaline were 2.8 and 2.2% (2.5 pmol each per 20-µl injection), and were 4.0 and 5.5% (50 fmol each per 20-µl injection), respectively. The relative standard deviations for epinephrine, dopamine and isoprenaline (100 pmol each per 20µl injection) did not exceed 3.8%.
The detection limits (signal-to-noise ratio = 3) were 1.7 fmol (epinephrine), 3.2 fmol (isoprenaline) and 5.6 pmol (dopamine), respectively, per 20-µl injection. The low sensitivity of dopamine might be due to the low reactivity between 6-AMP and dopamine; similar phenomena have been reported for the fluorescence derivatization reaction between benzylamine and dopamine. 10 Reaction of other substances with 6-AMP 3,4-Dihydroxyphenylacetic acid, 3,4-dihydroxyphenylalanine and N-methyldopamine reacted with 6-AMP under the proposed derivatization and CL conditions to give a respective single CL peak at retention times of 6.1, 12.5 and 35.9 min, respectively, in the chromatogram; their detection limits were 0.05, 2.3 and 0.6 pmol, respectively, on column. Although norepinephrine also gave a CL derivative, the derivative was co-eluted with 6-AMP (peak 4 in Fig. 3) ; the derivative could not be separated with any HPLC conditions tested. 5-Hydroxyindoles also reacted with 6-AMP with the proposed conditions to give small CL peaks at retention times longer than 30 min. However, the indoles did not disturb the sensitive determination of epinephrine and isoprenaline. No other biologically important substances examined produced CL under the recommended procedure at a concentration of 10 nmol/ml; the compounds tested were tryptophan, tryptamine, indole-3-acetic acid, melatonin, 5-methoxytryptophan, 5-methoxytryptamine, 5methoxyindole-3-acetic acid, ascorbic acid, glutathione, thiamine, uric acid, urea, acetone, n-decylaldehyde, 1377 ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 Fig. 3 Chromatogram of the 6-AMP derivatives of three catecholamines. Peaks and amounts on column: 1, epinephrine (5 pmol); 2, dopamine (500 pmol); 3, isoprenaline (5 pmol); 4, reagent. benzaldehyde, 4-anisaldehyde, acetophenone, lactic acid, palmitic acid, caproic acid, mylistic acid, pyruvic acid, phenylpyruvic acid, α-ketoisocaproic acid, α-ketoisovaleric acid, α-ketovaleric acid, N-acetylneuraminic acid, nnonylalcohol, benzylalcohol, cyclohexanol, cholesterol, Dglucose, D-xylose, D-fructose, D-mannose, D-maltose, D-lactose, inositol, epiandrosterone, dehydroepiandrosterone, cortisone and methylglyoxal.
Structural analysis by HPLC-MS
The structures of the reaction products between 6-AMP and catecholamines were investigated by HPLC-MS with an ESI interface. A standard solution of epinephrine, dopamine and isoprenaline was treated as in the derivatization procedure, and the resulting 6-AMP derivative was analyzed by HPLC-MS on the ion trap. When monitored at the selected ion (m/z = [M + H] + ± 0.5), each derivative was detected as a protonated molecular ion [M + H] + at almost the same retention times as those in the HPLC-CL system (Fig. 3 ). Furthermore, each [M + H] + of the 6-AMP derivatives (epinephrine = 351.3; dopamine = 321.3; isoprenaline=379.3) was assigned as the corresponding base peaks in the mass spectra of each peak fraction. On the other hand, we have reported that benzylamine reacts with catecholamines to give the oxazole derivative under the reaction conditions similar to those of the present derivatization procedure. 10, 11 Therefore, CL products having cyclic phthalhydrazide and oxazole are formed in the proposed derivatization reaction (Fig. 1 ). The following CL reaction might give the corresponding phthalate ions along with the generation of CL.
Conclusion
6-AMP reacts with catecholamines in the presence of potassium hexacyanoferrate(III) under mild conditions to yield the corresponding oxazole compounds. The compounds generate strong CL by a reaction with hydrogen peroxide in the presence of potassium hexacyanoferrate(III) in an alkaline solution. An HPLC-CL method based on these derivatization and CL reaction has been developed for the determination of catecholamines. The method is sensitive for epinephrine and isoprenaline; the sensitivity is comparable to that of the fluorometric HPLC and CL methods. [2] [3] [4] [5] [6] [7] However, the method has limited sensitivity for other catecholamines. The proposed method might be useful for the determination of some catecholamines, including epinephrine and isoprenaline, in biological samples.
